, Hisashi Chiba 2, 3 , and Masaya Notomi 1, 2, 3 All-optical switching has been attracting strong attention for decades because it can potentially overcome the speed limitation imposed by electrical switching devices 1, 2 . Indeed, ultrafast switching in less than 1 ps has been demonstrated in a number of systems by using fast optical nonlinearity, such as the Kerr effect [3] [4] [5] [6] [7] [8] [9] [10] . However, these all-optical switching devices require a large driving energy of typically pJ to nJ per pulse, which is a barrier to most applications. Although the energy can be reduced by sacrificing speed, there is a general trade-off between speed and energy (see Fig. S1 ).
This problem is primarily attributed to the intrinsically small optical nonlinearity in existing materials 11 . Recently, it was demonstrated that strong light confinement can break this trade-off, and a driving energy of 400-600 aJ was achieved for a switching time of 20-35 ps by using photonic crystal nanocavities with carrier-induced optical nonlinear dispersion 12 . However, it is still difficult to achieve an ultrafast switching regime (less than ps) with this scenario because the switching speed is severely limited by the cavity photon and carrier lifetimes. It is possible to reduce the cavity Q to shorten the photon lifetime, but much a larger nonlinear shift is needed, which is not available with existing materials. Hence, both are more or less fundamental limitations.
In this study, we employ another approach to break this barrier. Here we choose a nanowaveguide with nonlinear absorption (Fig. 1a) , instead of a nanocavity with nonlinear dispersion. The first key point of this study is that we employ graphene as a photo-generated carrier relaxation time. In contrast, the relaxation time of photo-generated carriers in graphene is extremely short (10 fs to several ps) [18] [19] [20] [21] because of its intriguing gapless band structure and strong phonon scattering. In addition, graphene exhibits very large and flat absorption over a wide wavelength () range, which is also attributed to their unique Dirac-cone bands 22, 23 . It was also reported that the saturation power of graphene is one order of magnitude smaller than that of conventional semiconductors and carbon nanotubes 24 . These characteristics are promising for the nonlinear absorption elements of broadband and ultrafast all-optical switches.
However, graphene is too thin to couple efficiently with light. In fact, there have been many graphene-loaded photonic devices [25] [26] [27] [28] [29] [30] [31] [32] , but they are relatively long (> 40 m for a Si-waveguide-based structure 25 ), which is unsuitable for reducing the driving energy. For example, an all-optical modulator was demonstrated by employing a graphene-wrapped microfibre with an operating speed of 2.2 ps, but the device is 20-m long and requires 200 pJ at a 1.4-dB contrast 33 . This makes our second ingredient important, namely a deep-sub- plasmonic metal-insulator-metal (MIM) WG 34, 35 . As described later, we can significantly increase light-matter interactions in graphene by placing it on an ultranarrow MIM-WG (30  20 nm Our proposed switch, which combines all the above approaches, is shown in
Figs. 1a and 1b, and consists of graphene-loaded MIM-WGs equipped with plasmonic mode converters connected to Si-WGs. We first present our theoretical design for our device concept. Then, we describe the fabrication of our proposed graphene-loaded MIM devices and their experimental characterizations. Finally, we describe our demonstration of the first all-optical switching in the femtosecond and femtojoule regime in any type of device.
Design
To make graphene-loaded WG devices energy efficient, it is essential to increase the effective absorbance of graphene by using nanophotonic light confinement. We employed the finite-element method to calculate the optical modes of graphene-loaded devices (see Methods for calculation details). Figure 1c shows the calculated field profile (|E| 2 ) of the eigenmode at  = 1550 nm with an air slot width (w slot ) of 30 nm and an Au thickness (t Au ) of 20 nm, which is fundamental even mode in terms of the transverse electric field 34, 37 . Note that for an MIM-based device the light field is strongly confined in the air slot whose area is as small as   /4000. This extreme light confinement around graphene leads to a large increase in absorbance. We estimate the absorption coefficient of graphene A G from the calculated complex propagation constant with and without graphene, and the estimated A G is 2.0 dB/m. As a comparison, we also estimate A G for a graphene-loaded Si-wire WG with a 400  200 nm 2 cross section (the field profile is shown in Fig. S2a) . The estimated A G is 0.089 dB/m, which represents a 22-fold enhancement of A G in the MIM-WG device compared with a Si-wire WG device. Figure 1d shows the calculated A G when varying w slot and t Au . This plot shows that A G is enhanced as the dimension of the air slot (w slot and t Au ) decreases, which is understood as the field concentration effect (the field profiles are shown in Figs.
S2b-e) 38 . It is worth noting that the MIM size should really be in the deep sub- regime (< 50 nm) to achieve sufficiently large absorbance enhancement. We also examined the MIM-WG loss A MIM , which is inevitable in MIM-WGs, and estimated the ratio A G /A MIM (Supplementary S4). This ratio increases as the slot size decreases, indicating that deep-sub- slots are also advantageous in terms of the MIM-WG loss.
So far, we have considered linear absorption enhancement, but the light concentration affects the nonlinear response even more strongly. Here, we estimate the average field intensity at the graphene position in the MIM-WG slot, and define the field enhancement factor EF against that for the Si-wire WG structure (Supplementary S3). EF increases as the slot size decreases, and a 310-fold enhancement is obtained at w slot = 30 nm and t Au = 20 nm (Fig. 1e) . As a result, the saturation power will be greatly reduced.
To enjoy this merit, the coupling efficiency into MIM-WGs is crucial because it is not easy to directly couple light into MIM-WGs from outside. We solve this problem by adopting a plasmonic mode converter 36 as shown in Fig. 1a . Although the MIM-WG and Si-WG have fundamentally different modes in terms of size and characteristics, our mode converter enables efficient and broadband full three-dimensional mode conversion with just a two-dimensional laterally tapered structure. The simulated coupling loss is as small as 1.2 dB. Therefore, we can expect a large overall reduction in the switching energy over a broadband  range.
Experiment
We fabricated WG structures by electron beam lithography, dry etching, and lift-off processes. We transferred graphene onto the MIM-WGs, and patterned the graphene using reactive ion etching (see Methods for fabrication details). Figure 2a (Fig. 2b) . We confirmed that the performance of the MIM-WG and mode converters was almost the same as in our previous work 36 . In fact, we achieved almost the same coupling efficiency (1. shows that A G is greatly enhanced as w slot or t Au decreases. This is exactly as we saw in Fig. 1d , and the measured results are fairly close to the calculated values (solid lines in Fig. 3b) . The maximum A G is 1.7 dB/m (w slot = 30 nm, t Au = 20 nm), which is 19 times higher than that in previously reported graphene-loaded Si-wire WGs (0.09 dB/m) 39 .
We next proceed to examine the nonlinear response of the graphene absorption.
Here, we use an MIM-WG with w slot = 30 nm, t Au = 20 nm, and l MIM = 4 m, and the entire metal region is covered with monolayer graphene. Picosecond laser pulses (pulse duration (t pulse ) of 1.5-2.0 ps,  = 1550 nm) are injected via the input Si-WG into the sample, and the input pulse energy (U in ) dependence of the transmittance is measured (see Methods). Here, U in is the pulse energy in the input Si-wire WG. As shown in Fig.   4a , the transmittance of the reference Si-wire WG (blue dots) is almost constant up to about 100 fJ, and shows some decrease at larger U in values owing to the two-photon and free-carrier absorption in Si. However, the transmittance for an MIM-WG with monolayer graphene (black dots) shows a clear increase as U in increases, which is a typical signature of saturable absorption. This result indicates that the saturable absorption begins at significantly small pulse energy of around 10 fJ.
To analyse the saturable absorption quantitatively, we apply the following attenuation coefficient  to our device,
where  S and NS are the saturable and non-saturable absorption coefficients for monolayer graphene, respectively. P and P S are the optical power intensity and the saturation power, respectively (Supplementary Section S5 for details). P and P S are replaced with the pulse energy U and saturation energy U S assuming a constant t pulse .  S +  NS and A MIM are deduced from the linear absorption measurement (Fig. 3 ). U S ,  S , and  NS are estimated by fitting the data with Eq. (1). The fitted curve for monolayer graphene is shown in Fig. 4a , and U S and  S are estimated to be 12 fJ and 0.63 dB/m, respectively. The estimated U S is four orders of magnitude smaller than that in a previously reported graphene-loaded Si-slot WG 40 . For a series of devices with different slot dimensions, we confirmed that the saturable absorption becomes more prominent as the slot dimension decreases ( Supplementary Fig. S6 ), which proved unambiguously that light concentration is the key to reducing the nonlinear operation energy. We also observed essentially the same saturable absorption curves at  = 1530-1560 nm (Fig.   S7 ). This broadband feature is an important characteristic of our devices, and we attribute it to the nature of the graphene absorbance and the broadband characteristics of our MIM-WG including the mode converter 36 .
On the other hand, it is still difficult to obtain an extinction ratio higher than 3 dB with 4-m-long MIM-WGs. The extinction ratio could be increased by making the MIM-WGs longer, but this also increases the MIM-WG loss. Hence, as another way of increasing the extinction ratio, we load multilayer graphene on the MIM-WG, which does not increase the MIM-WG loss. Based on the parameters obtained by the fitting for the monolayer, we investigate the saturable absorption for multilayer-loaded devices.
With the multilayer,  S and  NS in Eq. Next, we describe all-optical switching experiments with the same bilayer-graphene-loaded MIM-WGs undertaken with the pump-probe method (see Methods). Figure 4b shows the temporal waveform obtained with the pump-probe experiment (Fig. 4c) . The blue dots show the autocorrelation of the input pulse (t pulse = 1.8 ps). The pump-probe signal (red dots) shows that the device output is modulated by the input pulse, which demonstrates the expected all-optical switching operation. In this experiment, the control pulse energy in the input Si-wire WG was as small as 71 fJ, which is smaller than that for previous picosecond all-optical switching (see Fig. S1 ).
The observed extinction ratio is 2.2 dB. Interestingly, this ratio is larger than expected from Fig. 4b , and it shows that the whole saturation curve shifts to smaller energies. We observed a similar deviation for all devices (a typical result is shown in Supplementary   Fig. S8a ), and we discuss its origin in Supplementary S9.
As we pointed out, this type of nonlinear absorption switch is restricted by the recovery time of photo-generated carriers, and this should lead to an asymmetric output waveform. However, the observed output waveform is symmetric in time, and its full width at half maximum (FWHM) is 2.5 ps, which is close to that for the autocorrelation width (2.8 ps) of the input pulse. The reported relaxation time of photo-excited carriers in graphene ranges from 10 fs to several ps [18] [19] [20] [21] , and our result indicates that the recovery time is much shorter than t pulse (1.8 ps).
Encouraged by this result, we performed the same experiments using a free-space optics setup with a femtosecond laser (t pulse = 210-230 fs,  = 1550 nm; see Methods for measurement details) for the same devices. We first checked the saturable absorption (Fig. 4d) . Although the data are scattered, U s is roughly estimated to be around 3 fJ for the monolayer device (black dots in Fig. 4d ), where we assume the same  S as in the picosecond measurement. A U s reduction for shorter pulses is naturally expected from the relation U s = t pulse P s , but this result proves that the recovery time is indeed much shorter than the previous t pulse (1.8 ps). For the bilayer device, the saturation curve becomes slightly steeper, and is also well explained by the calculation.
We next performed a femtosecond pump-probe measurement with t pulse = 210 fs for the bilayer device. As shown in Fig. 5a , we observed clear all-optical switching operation with an extinction ratio of 3.5 dB at a control pulse energy of 35 fJ. Figure 5b shows the extinction ratio for different input pulse energies, demonstrating that an even larger extinction ratio is possible. Note that the switching energy at 2.8 dB is as small as 20 fJ, showing that the switching energy has decreased significantly from that in Fig. 4b (almost scaled to t pulse ) when compared at a similar extinction ratio. This switching energy is four orders of magnitude smaller than that for previous graphene-based devices 33
, and is the smallest value ever reported for any type of all-optical switching in the picosecond or less regime.
Surprisingly, the output waveform is still symmetric, and the measured FWHM is 370 fs, which is only slightly wider than the autocorrelation width (300 fs) of the input pulse. Assuming the pump-probe signal is given by the correlation between the control and signal pulses, the output pulse width is estimated to be 260 fs, which we regard as the true response time of our all-optical switch. We also predicted the pump-probe signal for t pulse = 210 fs, and the relaxation time of a graphene carrier  is between 100 fs and 1 ps (Fig. 5b) . For  > 200 fs, the calculated pump-probe signal is clearly broader than the experimental result. Moreover, the calculated signal is asymmetric even at  = 100 fs (Supplementary S11). This result indicates that the graphene recovery time is much less than 100 fs, which might be explained by the fast carrier-carrier scattering process
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. Another possible explanation is ultrafast carrier diffusion out of the 30-nm-wide slot region 41, 42 . Since it has been reported that the diffusion time of graphene carriers excited with 1.6-m laser spot is less than 1 ps 42 , much faster diffusion might be possible for our subwavelength devices.
The total insertion loss of the present device is 19 dB in the on-state for an extinction ratio of 3 dB, which consists of the metal absorption, the coupling loss and the graphene absorption. It is noteworthy that this relatively-large insertion loss does not reflect intrinsic limitation of the present device. As discussed in Supplementary S10, the insertion loss is able to be reduced without sacrificing the energy and speed by shortening the device length (by increasing N), improving the coupling loss, and improving the saturable component in graphene absorption  S /( S +  NS ). Assuming the optimized N, the ideal coupling loss, and the saturable absorption efficiency reported in other literature 43, 44 , the insertion loss is estimated to be about 3-5 dB with the same energy and speed shown in Fig. 5 .
Discussion
In this study, we demonstrate ultrafast all-optical switching with a switching energy of 35 fJ. The extinction ratio is 3.5 dB and the estimated output pulse width is 260 fs. The switching energy is four orders of magnitude smaller than that needed for previous graphene-based devices. A comparison with other types of switches is summarized in Fig. S1 , which shows that the switching energy is the smallest of any all-optical switches operating in the picosecond or less regime, and represents the first all-optical switch in the femto-joule and femto-second range. In terms of the energy-time product argument, our switch shows a slight improvement over the previous best device, but a detailed analysis of the waveform indicates that the intrinsic response time might be much shorter than 100 fs, suggesting that this device might be able to operate in an unprecedented energy-time product region. In addition to the switching time, the repetition rate is another important feature for optical processing. For example, four-wave mixing devices have demonstrated time-domain mutiplexing at Tbit/s repetition rate for at an energy cost with pico-joule range 45, 46 . Although we have not done multiple-pulse experiments at present, we expect that graphene is promising also for ultrafast repetition rate because the reported values of the carrier recombination lifetime are mostly around a few ps or less 24, [47] [48] [49] . In addition, the fore-mentioned enhancement of the carrier diffusion 42 might accelerate the repetition rate even more in our devices. However, the mechanism of the carrier relaxation in graphene is still far from clear, and more detailed studies, such as the effect of the position of the Fermi level 21 , are apparently needed to prove such characteristics. Yet another important feature is that the present device is connected to a conventional Si-WG, and fabricated by conventional processes mostly compatible with Si photonics technologies, which means that this device is easily utilized in Si photonic integrated circuits. The present result has clarified that graphene is superior as an ultrafast and energy-efficient nonlinear material and deep-sub- MIM waveguides is a superior device platform, if both are appropriately combined, thus showing the way to fully utilize the advantages of hybrid nanomaterial-nanophotonic platforms for energy-efficient high-speed processing.
We expect that our energy-efficient high-speed optical switches will be implemented in a processor chip integrated with photonic integrated circuits, such as a photonic network-on-chip, where chip-scale communications or routing will be needed.
Furthermore, an energy-efficient and ultrafast optical nonlinearity unit is required in a nanophotonic neural network chip, and the optical nonlinearity of graphene has attracted special attention 50, 51 . We believe that the importance of our device will be further increased with the progress of architectures for on-chip photonic processing. 
METHODS

Numerical calculation
We .
Sample fabrication
First, we fabricated Si-wire WGs on silicon-on-insulator (SOI) substrates. We prepared 
Linear absorption measurement
A G was investigated by measuring the transmittance of the fabricated graphene-loaded MIM-WGs. We used a continuous-wave -tuneable laser, and the laser light was input into the 3-m-wide Si-WGs in the samples via the optical fibre. The transmitted light was output from the 3-m-wide Si-WGs and connected to the optical fibre. Then, the output power was detected. The laser light was input in the TE mode ( = 1500-1600 nm), and the input power was 10-100 W. We used a low input power to avoid nonlinear optical effects such as the saturable absorption in graphene and the two-photon absorption in Si-WGs. With the reference Si-wire WG, where the only 400-nm-wide Si-wire WG was connected to the 3-m-wide Si-WGs, the insertion loss between the optical fibres was typically about 17 dB, and the power was about 1-10 W in the middle of the samples. Then, we obtained the average relative transmittance in the measured wavelength range (the reference was the transmittance of the Si-wire waveguide without graphene).
Saturable absorption measurement
To induce saturable absorption, we input picosecond or femtosecond laser pulses. For the picosecond laser pulses, we used a mode-locked fibre laser (t pulse = 1.5-2.0 ps,  = 1550 nm). The original repetition rate was 10 MHz, which was changed to 0.1-10 MHz with a pulse picker. For a larger energy, the repetition rate was reduced to reduce the average power. The laser pulses were input into the samples via the optical fibre, and the output light was also connected to the optical fibre. Then, the output power was detected ( Supplementary Fig. S12a ). For femtosecond laser pulses, we used an optical parametric oscillator (OPO) with a mode-locked Ti:sapphire laser. The repetition rate was 80 MHz, and t pulse = 210-230 fs at  = 1550 nm. The laser pulses were directly input into the input Si-WGs in the samples from free space with an objective lens. The output light was connected to the optical fibre. U in was defined as the pulse energy in the input Si-wire WG, which was estimated by measuring the transmittance of the reference Si-wire WG. U in is the pulse energy in the middle of the samples, and the MIM WGs were placed about 200 m behind the middle of the samples.
Picosecond pump-probe measurement
In the picosecond pump-probe measurement, we used the mode-locked fibre laser that we used in the saturable absorption measurement, and set the repetition rate at 1 MHz.
The laser light was split into control (pump) and signal (probe) lights, and the time delay between the control and signal pulses was changed. The signal light was modulated at a frequency of 1.1 kHz with an acousto-optic modulator. Then, the control and signal lights were combined and input into the samples via the optical fibre. The output light was connected to the optical fibre, and detected with a photo-receiver. Then, we measured the output power of the signal light with a lock-in amplifier for different time delays (Supplementary Fig. S12b ).
Femtosecond pump-probe measurement
In the femtosecond pump-probe measurement, we used the OPO that we used in the saturable absorption measurement. The laser light was split into control and signal lights with a beam splitter in free space, and the time delay between the control and signal pulses was changed. The signal light was modulated at a frequency of 137 Hz with a mechanical chopper for the lock-in detection. In addition, we inserted a piezo mirror in the optical path of the signal light to suppress the interference between the control and signal lights. We applied a voltage of 100 V (displacement is about 10 m) at a frequency of 2 kHz. Then, the control and signal lights were combined and input into the samples via the objective lens. We then measured the output power in the same way as in the picosecond pump-probe measurement ( Supplementary Fig. S12c ). 
